We use density functional theory based nonequilibrium Green's function to calculate the current through the different rodlike molecules at the finite temperatures self-consistently, which was compared to the experimental measurements presented by Reichert et al. ͓Phys. Rev. Lett. 88, 176804 ͑2002͔͒ and by Mayor et al. ͓Angew. Chem. Int. Ed. 42, 5834 ͑2003͔͒, respectively. Our results agree with the measurements very well, especially for the bias around Ϯ1.0 V. The investigation of the topological effect for the symmetrical molecule reveals the fact that the para position compound provides a considerably larger conductance than the meta one.
I. INTRODUCTION
Building electronic devices with molecules was initially proposed by Aviram and Ratner in the 1970s. 1 New methods and techniques developed since then and different prospective molecular candidates were measured to understand various transport properties and demonstrate their technological usefulness. [2] [3] [4] [5] [6] [7] For example, Reed et al. 2 performed the mechanically controlled break-junction technique to wire the phenyl dithiol to the two facing gold electrodes and measured its current-voltage curves. Chen et al. 8 fabricated 2Ј-amino-4-ethynylphenyl-4Ј-ethynylphenyl-5Ј-nitro-1-benzenethiol in self-assembled monolayer and found that the device exhibited negative differential resistance with a larger on-off peak-to-valley ratio. Choosing perylene tetracarboxylic di-imide, Xu et al. 9 utilized scanning tunneling microscopy break junction to demonstrate molecular three-terminal field-effect-transistor-like transistor through which the current could be controlled by the gate field at room temperatures ͑RTs͒. The difficulty in controlling the contact geometry of the molecule-electrode junctions, its binding site, and the orientations makes reproducibility and comparability of experimental results limited. As a result, the statistical evaluation of a large ensemble of single molecule junctions should be utilized to reveal the intrinsic transport properties. 7, 10 In the present paper, we use the density functional theory ͑DFT͒, combined with the nonequilibrium Green's function ͑NEGF͒, to calculate the I-V curves through the asymmetric molecule 1,4-bis͑͑2Ј-para-mercaptophenyl͒-ethinyl͒-2-acetyl -amino-5-nitro-benzene and symmetric molecule 9,10-bis ͑͑2Ј-para-mercaptophenyl͒-ethinyl͒-anthracene. DFT is a popular and economical approach to study the current through nanoscale systems. [11] [12] [13] [14] [15] In this approach, DFT is used to extract the electronic structure of the systems, and NEGF is applied to study the transport properties. In principle, DFT is exact because of inclusion of Coulombic, exchange and correlation interactions via density functional. Unfortunately, the exact form of the density functional is unknown, and the approximate exchange-correlation functional such as the local density approximation or the generalized gradient approximation has to be performed. As a consequence, these approximations lead to some problems, for example, the erroneous prediction of metallic transport through insulating molecules, such as polyacetylene. 16, 17 However, it can serve as the starting point of further approaches. For instance, due to lack of derivative discontinuity in exchange-correlation approximations, the selfinteraction correction ͑SIC͒ opens conduction gaps for the weakly coupled systems. 18 More sophisticated approaches such as time dependent DFT and Hedin's GW approximation can be used to acquire the more accurate excitation spectrum. 19, 20 To treat the correlation interaction, an electron propagator method is developed in the calculations of the electron transport behaviors. 21, 22 The paper is organized as follows. In Sec. II, a description of the theoretical formalism and the computational details are given. In Sec. III, the transport characteristics of molecular junction are investigated, while its physical origins are described. Finally, the summary of our work is presented.
II. THEORETICAL FORMULA
In our computation, we assume that the sulfur atom, connecting the molecule and the gold lead, sits on the hollow position of its three nearest-neighboring surface gold atoms. The separation between the gold surface and sulfur atom is 2.0 Å. The metal/molecule/metal junction is divided into two parts: one is the molecule bridging the junction and the other part consists of two semi-infinite Au leads ͑source and drain͒. 15 The applied bias drives the system out of equilibrium, and the current through this system is measured to investigate its transport properties. The current at different biases can be calculated self-consistently by using DFT cooperated with the NEGF formalism. 23,24 a͒ Author to whom correspondence should be addressed. Electronic mail: haochen@fudan.edu.cn.
The retarded Green's function is defined as
where E + is the energy plus an infinitesimal imaginary part. The orbital overlap matrix S M and Fock matrix F M for molecule are extracted from the DFT calculation, and ⌺ 1͑2͒ R represents the retarded self-energy for the left ͑right͒ lead. The electron-phonon coupling due to the molecular vibration is neglected. 25 ⌺ 1͑2͒ R is expressed as
where g i R is the surface Green's function ͑SGF͒, F Mi is the coupling matrix between the organic molecule and the attached Au lead, and S Mi stands for the corresponding overlap matrix. 15 Two three-dimensional ͑111͒ gold leads are considered with the semi-infinite periodic bulk lattice. In the k ជ representation, the SGF is calculated iteratively, 12, 15 
where S 00 and F 00 stand for the overlap and Fock matrix of the surface layer in the reciprocal space, and S 01 and F 01 are the corresponding matrices between the surface layer and its nearest neighbor. These matrices are extracted from the calculation for 28 gold atoms through GAUSSIAN03. After the iteration meets the convergence conditions, the SGF in the real space is calculated by the Fourier transformation
After getting the self-energy, we can define
A ͔, which represents the broadening of the levels since the introduction of two leads. In the open system, the electron number is not conservative any more and the bridging molecule is charged. For the molecule and metal electrode system, the electrons can flow into the bridging molecule. To describe the distribution of electrons more accurately, NEGF is used to calculate the density matrix of the open system within a one-particle theory such as the DFT,
where G A = ͑G R ͒ † is the advanced Green's function, f 1͑2͒ stands for the Fermi distribution for the left ͑right͒ lead in equilibrium, and f i ͑E͒ =1/ ͑e ͑E− i ͒/kT +1͒ with quasi-Fermi levels 1 = E F + eV and 2 = E F + ͑ −1͒eV. In principle, is determined self-consistently; however, for simplicity, we assume that the couplings between the molecule and two leads are equal, with = 0.5. We can get the symmetrical/ asymmetrical I-V curves for the geometrically symmetrical/ asymmetrical molecules with the bias sweeping from negative to positive. E F is the Fermi level of the gold electrode, and T is the temperature of the system. The zero point of the electronic potential is set at the center of the metal/molecule/ metal system. Theoretically, the Fermi level E F can be determined if we know the total density of states ͑DOS͒ and the exact electron number of the charged molecule. Unfortunately, the DOS inside the gap between the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ is relatively small, making the precise prediction of E F very sensitive to the level broadening and charged electrons. It is suggested that the Fermi level E F is regarded as a "fitting parameter" near the gold work function when trying to explain the experimental I-V curves. 26 In the present work, we set E F to be −5.1 eV. 12, 15 In the calculation, the density matrix is partitioned into two parts: an equilibrium part eq , where f 1 ͑E͒ = f 2 ͑E͒ = 1 for E Ͻ EЈ, and a nonequilibrium part neq , where f 1 ͑E͒ f 2 ͑E͒ for E Ն EЈ as shown in Fig. 1 . Given the fact that in the equilibrium case, G Ͻ ͑E͒ can be reduced into a simple form,
The density matrix is expressed as = eq + neq , ͑6͒
Noticing that the equilibrium part is related to the retarded Green's function which can be analytically continued in the upper complex plane, we apply a contour to evaluate the integration in Eq. ͑7͒. 13, 27 The semicircular contour is illustrated in Fig. 1 , where the integration is achieved by using the Gaussian quadrature.
28 E min is well chosen so that the integration from negative infinite to E min can be neglected. The nonequilibrium part is evaluated by using Eq. ͑8͒. In this case, because G A is analytical in the lower half complex plane and G R is analytical in the upper half complex plane, we have to integrate the product G M R ⌫ 1͑2͒ G M A / 2 over energy along the real axis.
Since the Fock operator is the functional of the density, which is described by the density matrix and related to the Fock operator simultaneously, these quantities have to be solved self-consistently. Initially, a guess density matrix obtained from an isolated molecule calculated by GAUSSIAN03 is input. The corresponding Fock matrix is generated from this guess density matrix. Taking the self-energy of two leads into consideration, we solve the retarded Green's function G M R from Eq. ͑1͒. In terms of Eq. ͑3͒, a renewed density matrix is obtained as a new input of the next calculation loop. This procedure is performed iteratively until the selfconsistent density matrix is achieved with the convergency criteria satisfied. Presently, the NEGF formalism is added into the self-consistent iteration of GAUSSIAN03, which is originally designed for calculations of isolated systems. After iteration, the convergent quantities are achieved. The DOS spectrum can be calculated as
For the transport problem, we are interested in the I-V characteristics of the open system. The current through the metal/ molecule/metal junction is evaluated from the Büttiker-Landauer formula 23 ,29
where T͑E , V͒ is the transmission function. In our calculation, to deal with the interface between the organic molecule and the macroscopic gold ͑111͒ electrodes, the three-dimensional electrodes were adopted based on the DFT tight-binding method. In the whole calculation, the commercial available quantum-chemistry software GAUSS-IAN03 was used to calculate the electronic structure for both the organic molecule and the electrodes, cooperated with the NEGF to build the electronic transport program of the open system. 15, 30 The geometry of the molecules was fully optimized by using the 6-311 g basis set, cooperated with the B3LYP exchange-correlation functional. 31 The standard Berny algorithm in redundant internal coordinates and the default criteria of convergence were employed to optimize the geometrical structure. Following the optimization, the vibration frequencies of the molecule were calculated to ascertain the absence of the imaginary frequencies. Then, the LanL2DZ basis set and B3PW91 functional were used to calculate the electronic structures and the transport properties of the system. [32] [33] [34] [35] [36] It associates with the effective core potential which is specially suited for fifth-row ͑Cs-Au͒ elements with considering the Darwin relativistic effect. In the DFT calculation, the exchange potential is the Becke-3 hybrid exchange functional and the correlation potential is the Perdew-Wang-91 gradient-corrected correlation functional.
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III. RESULTS AND DISCUSSIONS
First of all, we optimized the geometrical structures of two molecules as presented in the insets of Figs. 2 and 4 . The molecules consist of phenyl rings and all these rings are almost coplanar, which means that the overlap between the orbital is significant. For simplicity, the molecule in the inset of Fig. 2 is referred to as molecule 1 or rod 1 , and the ones in Figs. 4 and 5 are referred to as rod 2 and rod 3, respectively. Before formation of the junctions, the terminal ends of the molecules are protected by the acetyl groups, and in the geometrical optimization we took them into consideration; however, they are not depicted in the insets since the connection to the leads can remove the acetyl groups.
The current through the Au-rod 1-Au junction and its numerical differential conductance ͑dI / dV͒ at RT are given in Fig. 2 . Its corresponding DOS and transmission spectrum are shown in Fig. 3 . We also calculate the I-V curve ͑not shown͒ at 30 K and it is almost identical to the curve calculated at 300 K. This result is totally different from the measurement reported by Reichert et al., 4 where the absolute value of the current reduced significantly. The reduction may be ascribed to the rearrangement of the contact which is not considered in our calculation. The corresponding conductances at different temperatures show the difference of its absolute value for bias larger than 0.5 V. A small plateau around 0.5 V is found at 30 K, as indicated by the arrow in Fig. 2 , but not shown at the RT of 300 K. 3 The I-V characteristics are asymmetrical because of the geometrical asymmetry. Compared to the experimental measurement, the calculated current agrees with the measurement very well, especially for bias around Ϯ1.0 V. 4 In Fig. 3 , the system is called the HOMO-based junction because the Fermi level is close to the HOMO level. Although the Fermi level lies in the gap between the HOMO and LUMO, its DOS near the Fermi level is nonzero. The nonzero DOS, stemming from the tail of occupied states and the hybridization of the molecular orbital with the energy band states of Au leads, provides the electrons and holes driven by the external bias. The difference between the theoretical calculation and the experimental measurement at the low voltage may come from the approximation used in DFT for exchange-correlation functional and the lack of the SIC. In most systems, the self- interaction error is small for the total energy but a large fraction for the eigenvalue of the energy. 38 The eigenvalue is important in the calculation of current, especially for the HOMO and LUMO. In the open system, the electron number does not keep conservation any more. The lack of derivative discontinuity in such calculations leads to the erroneous prediction of metallic transport for insulating molecules. As indicated in Fig. 3 , the DOS and the transmission spectrum are nonzero around the Fermi level. On increase in bias, the coupling between the molecule and two leads grows strong, and the error caused by the self-interaction becomes insignificant. 18 We also calculate the current through rod 2 and depict the results in Fig. 4 . Since the current is very sensitive to the contact of the molecule-electrode junctions, the different binding site for a molecule between the electrodes, its orientation, and the atomic scale geometry of the moleculeelectrode coupling can influence the measurement significantly. Figure 4 gives an example in which we calculate the current with different couplings to the gold leads. The coupling is determined by the sulfur atom and gold surface separation directly. The solid curve shows the case where the separation between the sulfur atom and its neighboring electrode surface is 2.0 Å. The calculation presents a symmetrical curve due to the identical couplings. If we fix the gold electrodes and shift the molecule to the left electrode by 0.12 Å, an asymmetrical curve ͑dashed͒ is presented. The asymmetrical measurement occurs frequently in the experiments because of the difficulty in controlling the contact between the molecule and the electrode. In order to reveal the distinctive feature, the conductance histogram or statistical analysis is widely used. 7, 10 The topological effect of rod 2 is further studied, as reported by Mayor et al. 5 Its geometrical structure, called rod 3, is presented in the inset of Fig. 5 . The sulfur atoms connect electrodes through the meta positions and the separation between the S atom and the gold surface is 2.0 Å. The connection of the meta position changes the electronic structure significantly. Figure 6 illustrates the molecular orbitals of the HOMO and LUMO for both isomers, which is important for the transport property. It is found that the HOMO and LUMO of the para position substituted molecule are extensive, which facilitates the current to flow, while for meta substitution, the HOMO and LUMO are localized and the current is insensitive to the bias.
IV. SUMMARY
In conclusion, we calculate the current through the rodlike organic molecules 9,10-bis͑͑2Ј-para-mercaptophenyl͒-ethinyl͒-anthracene and 1,4-bis͑͑2Ј-paramercaptophenyl͒-ethinyl͒-2-acetyl-amino-5-nitro-benzene. Our calculated results agree with the experimental measurements, especially for bias around Ϯ1.0 V. The investigation of the topological effect for the symmetrical molecule reveals the fact that the para position compound provides a considerably larger conductance than the meta one. 
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